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Objectives
Conjugated polymers having structurally controlled valence (HOMO) and conduction (LUMO) states, along with systems having specific electron donor and acceptor capabilities, Have been developed as optoelectronic materials for photovoltaic, electrochromic, and charge carrier transport properties. Prototype photovoltaic and electrochromic device platforms have been developed and utilized to test and optimize these polymer properties.
Status of Effort
The Reynolds research group has carried out the development and application of variable gap conjugated polymers which serve as electromagnetic absorption and charge carrying components in photovoltaic materials, are electrochromic, luminescent, semiconducting, and can be doped to high levels of electronic conductivity. Photovoltaic devices having reproducible AM 1.5 efficiencies of up to 2.7% have been constructed using MDMO-PPV/PCBM with a highly conducting gold interfacial layer interjected between the ITO glass electrode and the PEDOT/PSS hole transport layer. A family of low band gap, and near IR absorbing, cyanovinylene based polymers have been synthesized utilizing dioxythiophene repeat moieties yielding materials with band gaps ranging from 1.5 to 1.8 eV. These polymers have been blended with MEH-PPV to provide multi-polymer/PCBM photovoltaic devices with a broad spectral response ranging from 750 nanometers in the NIR, through the full visible spectrum. Regio-symmetric bis-thienyl-phenylene polymers have been synthesized with mid range band gaps of 2.0 to 2.2 eV as potential replacements for vinylene linked PPV type polymers. Initial photovoltaic devices prepared in both our Florida laboratories, and the UCLA laboratory of Professor Yang Yang, demonstrate these polymers to have AM 1.5 efficiencies of 0.5%. Combined oxadiazole and phenylene vinlyene linked hybrid molecules have been used as donors with PCBM for enhanced electron carrying capabilities in photovoltaic devices with efficiencies of up to 0.6%. A broad family of spray processable alkylated poly(3,4-propylene dioxythiophenes) (PProDOTs) have been tested as high contract electrochromic materials with especially high coloration efficiencies up to 1200 cm 2 /C. These same polymers have been used as the active material in organic polymer field effect transistors yielding mobilities of 3x10 -4 cm 2 /Vs. Enhanced order is being introduced into the PProDOT family be the use of chiral substituents which form optically active aggregates, and the utilization of 3,4-phenylyene dioxythiophene polymers which form highly planar species directed to easily stackable polymers. PProDOTs functionalized with ether, ester and alcohol functional groups have been prepared and processed. Thin film chemical saponification of the ester derivatives yield insoluble, yet electroactive, PProDOT's which can be used as both electrochromics and as the hole transport layers in light emitting diodes. Hybrid electrochromic and electroluminescent (EC/EL) devices have been pursued using new oligoether functionalized carbazole based polymers which emit blue light while simultaneously being electrochromic switching from a fully transparent and colorless neutral state to a yellow oxidized form. Highly transmissive carbon nanotube electrodes having low surface resistivities of 30 ohms per square, have been used as the electrodes in dual doping (simultaneous n-and p-type doping) devices for modulation of both visible and infrared radiation.
The Reynolds research group has developed extensive interactions with government laboratories and multiple companies (see description below in Transitions section) who are using the new polymers being developed through this AFOSR funding.
Accomplishments
Extensive annual reports have been submitted and are available should the reader of this final report desire more details. What follows is an overview of results and approaches from our work that highlights our efforts and notes important directions.
3-1. Photovoltaic Polymers and Devices
Our efforts in the area of polymer photovoltaics have been focused on three major projects. First, we have developed narrow band gap polymers based on dioxythiophenes and cyanovinylenes as a route to donor-type polymers that can strongly absorb visible light. These polymers are intended for use with the C60 derivative PCBM, as it is the most efficient of the known acceptors. Second, we have developed a family of soluble donor-type polymers with variable band gaps from 1.5-2.5 eV, which can be blended with each other or with commercially available polymers (e.g. MEH-PPV, P3HT, etc.) in order to blanket the solar spectrum. Initial device results on these multi-component blends are promising. In addition, we have focused on improving device performance by controlling film morphology and have attained AM 1.5 efficiencies as high as 1.5%.
In the development of narrow band gap conjugated polymers, our primary targets are soluble donor-acceptor polymers based on cyanovinylene as the acceptors and 3,4-alkylenedioxythiophenes (XDOT's) as the donors as illustrated in Scheme 3-1. In our previous work, this donor-acceptor route to narrow band gap polymers has proven effective with the electropolymerization of XDOT donors with cyanovinylene, pyridine, and pyridopyrazine acceptors. 1, 2 As just one example PProDOT-Hx 2 :CN-PPV has been synthesized in 89% yield with an M n = 18,000 g/mol and is soluble in toluene, chloroform, dichloromethane, as well as THF. give blue solutions in toluene (low gap PEDOT blue!! ) with absorption maxima at wavelengths greater than 600 nm and high extinction coefficients. Full studies including electrochemistry, electronic absorption, photoluminescence, and blending with C60 has characterized these polymers as excellent candidates for PV. We have utilized these cyanovinylene polymers in blends with MEH-PPV (E g = 2.2 eV) as a means of achieving a broader absorption of sunlight. These two donors absorb sunlight across much of the visible region and then transfer electrons to the common PCBM acceptor as illustrated by the spectroscopic and IPCE PV device results of Figure 3 -2. Interestingly, the IPCE results see in essence a summation of the response from each polymer, even though the content of each polymer is decreased by about 50% in the blends. As we move ahead, we propose to use these dioxythiophenecyanovinylene hybrid polymers as a core structural unit for the absorption of long wavelength light (500-800 nm) not easily accessible with commercially available π-conjugated polymers. As a second approach to using variable band gap polymers for organic electronic and photovoltaic applications, we have synthesized several bis(2-heterocycle)phenylene polymers. Two families currently being investigated: PBT-B(OR) 2 (illustrated in Scheme 3-2) and PBEDOT-B(OR) 2 with R = OC 7 H 15 and R = OC 12 H 25 are prepared using the Yamamoto coupling reaction of Br 2 -BT-B(OR) 2 monomers with the zerovalent nickel reagent, bis(1,5-cyclooctadiene)nickel(0) (Ni(COD) 2 ).
Scheme 3-2
Solar cells were fabricated using PBTB(OC 12 H 25 ) 2 /PCBM photoactive films which contained 20 wt% of the polymer in PCBM. The AM1.5 power conversion efficiency of these cells was found to be 0.5 % with short circuit current density of 1.6 mA/cm 2 . The open circuit voltages (V oc ) and fill factor of the solar cells were 0.76 V and 0.4, respectively. A typical I-V curve is shown in Figure 3 These interesting results show that we were able to obtain a strong photovoltaic response with short chain polymers and that the regiosymmetry of the molecules might play an important role on the photovoltaic efficiencies. Single crystals X-ray studies showed high π-stacking of the symmetrically derivatized monomers. This feature confers a high degree of order in the polymeric materials, which was confirmed by polymer film X rays studies as well as DSC measurements. We have carried out a collaboration with Professor Yang Yang from UCLA to investigate this in detail. Annealing studies will be performed on these bis-heterocycle-phenylene polymers by his group in order to elucidate how a higher ordering might lead to higher power conversion efficiencies. 
3-2. Spray Processable PProDOT Derivatives.
Soluble, spray-processable and spin-coatable disubstituted poly(3,4-propylenedioxythiophenes) (see structures in Scheme 3-3) have been synthesized via Grignard metathesis polymerization to form regiosymmetric polymers by utilizing the C 2 symmetry of the propylenedioxythiophene monomer. 3, 4 As the propylenedioxy ring functions as a spacer to separate the alkyl chains from the polymer backbone, there is a minimal effect on the extent of conjugation while allowing increased solubility in organic solvents.
GPC results gave number average molecular weights ranging from 33,000 to 47,000 g mol -1 and weight average molecular weights between 47,000 and 75,000 g mol -1 with polydispersities ranging from 1.4 to 1.7 after fractionation. These high molecular weights do not likely affect the optical or electronic properties of these polymers, 5 but do enhance film forming ability, leading to easier processing. 
Scheme 3-3
Disubstitututed poly(3,4-propylenedioxythiophenes) containing polar oligoether substituents have been prepared as our first attempt to synthesize dioxythiophenes which can be processed from industrially favorable alcohol and ester solvents while being insoluble in the lower polarity solvents normally used to spin films of conjugated polymers. Here our goal is to prepare hole transport and optoelectronically active polymers that can be sequentially solution processed with the second polymer deposition not disturbing the morphological, optical, or electrical characteristics of the first polymer deposited. In the synthesis of the oligoether ProDOT derivatives, a Williamson etherification reaction was used as shown for the monomer synthesis in Scheme 3-4 where n= 1-4. Bromination of the two and five position was carried out by exposure to NBS. To date, oxidative polymerization of the non-halogenated derivatives has been successful, and we now look to focus on the better controlled dibrominated monomers.
Branched alkyl derivatives allow for the introduction of chirality in the PProDOT polymers. In the case of PProDOT(EtHx) 2 and PProDOT(CH 2 OEtHx) 2 , the reagents used were racemic and led to a random distribution of R and S chiral centers. Obtaining chiral polymers is of great interest because of the ability of these polymers to selfassemble into organized structures in the aggregate state. This could lead to enhanced electronic and optical properties such as conductivity and charge transport compared to the racemic analogues, while maintaining their solution processability in organic solvents. In preliminary experiments we have synthesized PProDOT-((2S)-methylbutyl) 2 and examined the thermochromism and solvatochromism of these polymers by circular dichroism in order to examine how these polymers order upon aggregation. These results demonstrate that PProDOT-((2S)-methylbutyl) 2 forms highly ordered chiral aggregates at low temperatures or in poor solvents mixtures, as evidenced by a strong CD signal (Figure 3-4) . The CD spectrum is similar to the spectrum obtained from aggregated chiral poly(thiophene)s derivatives, implying that PProDOT-((2S)-methylbutyl) 2 also forms one-handed chiral aggregates. 
TRANSITIONS
An important element of our research effort has been to develop external interactions with government, industrial, and other academic researchers in order to more fully explore the properties of our conducting and electroactive polymers and to develop possible applications. As our research has led to the development of a broad family of new redox active electroactive polymers, they have generated significant interest from outside laboratories. We are utilizing four external interactions detailed below as routes with which to attain a higher level of materials properties characterization, along with device construction and testing. The Reynolds group has formed important liaisons with multiple companies that also impacts this work through collaboration or materials development for commercialization. These include Ciba Specialty Chemicals, SRI International, Crosslink, and Agfa; all involved in electroactive and electronic materials. 
